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ABSTRACT 
Development of an  electromagnetic flowmeter (EMFM) of s imple 
construction to study flow oscillations in turbopump sys tems is 
reported.  The EMFM descr ibed w a s  devised f o r  measuring fluid flow 
fluctuations f r o m  an invariant state to 500 her tz  without introducing 
any obstruction o r  disturbance to  the uynamic t r ans fe r  charac te r i s t ics  
of the turbopump. The potential difference developed a c r o s s  the flow- 
meter electrodes was measured  for fluid velocities ranging f r o m  
approximately 20 centimeters pe r  second to  1500 cent imeters  p e r  
second. The EMFM and associated electronic c i rcu i t ry  fo r  detecting 
the flow signal resulted in a system capable of measuring fluid flow 
fluctuations over the ent i re  design range fo r  a period of th ree  minutes 
with an accuracy  of -t 2 percent.  
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AN APPLICATION O F  THE ELECTROMAGNETIC FLOWMETER 
FOR ANALYZING DYNAMIC FLOW OSCILLATIONS 
By Houston M. Hammac 
George C. Marshall  Space Flight Center 
SUMMARY 
To  study flow oscillations in turbopump sys tems , a flow t r ans -  
ducer  capable of accurately measuring high frequency flow variations 
is required.  
dynamic t r ans fe r  charac te r i s t ics  of the turbopump. 
The flowmeter must  not dis turb o r  in te r fe re  with the 
The electromagnetic and magnetoelectric flow t ransducers  were  
investigated and compared as to advantages and disadvantages fo r  
selectivity. 
under steady fluid flow conditions is compared to  that of a rotating 
turbine-type meter ing device. 
and exp e rim ental des i gn cons ide rati olis a re elaborated . Expe rimental  
data f o r  fluid velocities ranging f r o m  approximately 20 c m / s e c  to  
1500 cm/  sec  a r e  included to  i l lustrate the l inearity and repeatability of 
the EMFM. 
ments .  
fidelity in the measurements  of flow oscillations. 
flux EMFM detects flow variations f r o m  ze ro  up to  ten kilohertz. 
However, i t  is l imited to short- term data samples .  Heat dissipation, 
electrode polarization and bat tery films obviate popular acceptance of 
the non-alternating flux EMFM. 
Per formance  of the electromagnetic flowmeter (EMFM) 
Principle  of operation and theoretical  
Tap water  was used as the fluid medium in the experi-  
Application of the non-alternating flux EMFM provided 
The non-alternating 
INTRODUCTION 
The concept of magnetic fluid flow measurement  i s  dependent 
upon the F a r a d a y  Effect between the moving fluid and a magnetic 
field to produce an electrostat ic  potential proportional t o  the average  
flow velocity. This principle,  in effect, states:  "The voltage induced 
a c r o s s  any conductor as it moves through a magnetic field at right 
angles to  the l ines of flux, is proportional to the velocity of that 
conductor". This induced voltage vector  will be  at right angles to  the 
magnetic l ines of flux vector and the velocity vector of the conductor. 
The field is expressed by the vector equation: 
- 4 -  
E = V X B  
- - 
where E i s  the e lec t r ic  field in  volts per  m e t e r ,  V is  the average 
velocity component of the fluid relative to the magnetic induction in 
m e t e r s  per second and B i s  the intensity of the magnetic field in 
webers  per meter  squared. Figure 1 i l lus t ra tes  the essence of 
equation (1) a s  it per ta ins  to magnetic flowmeter s. 
4 
The electric field a r i s e s  independently of the ma te r i a l  content of 
Since the flowing medium in 
the moving body, whether it be a conductor or  a dielectr ic  in the 
physical state of a solid, liquid o r  gas. 
this application was tap water ,  the details  of this discussion will be 
confined to a liquid conductor of low conductivity. 
In open l i t e ra ture ,  it is often stated o r  implied that the output of 
a magnetic flow transducer  is independent of the e lec t r ica l  conductivity 
of the fluid o r  gaseous media.  
statement.  
magnetohydrodynamic fo rces  will affect o r  d i s tor t  the velocity profile,  
an  effect that can occur with liquid metals .  Also, there  is a minimum 
conductivity (10 
i s t ics  of the magnetic flow transducer  depends ent i re ly  upon the dielec- 
t r i c  propert ies  of the fluid media.  
There a r e  certainly l imitations to this  
The electr ical  conductivity must  not be so grea t  that the 
- 7  
mhos per m e t e r )  below which the output charac te r -  
In the case  of gaseous media,  the output of the magnetic flow 
transducer i s  effectively zero ,  unless the gases  a r e  ionized. 
gases  a r e  ionized, an electrostat ic  potential will be created which i s  
proportional to the flow velocity when it moves a c r o s s  a region of 
magnetic induction, 
If the 
When dielectr ic  fluids a r e  to be metered  by an electromagnetic 
device, the output is dependent upon induced polarization cu r ren t s ,  
and for this reason ,  a high frequency magnetic flux is  usually employed, 
a s  the polarization cu r ren t s  induced in dielectr ic  fluids a r e  proportional 
to the frequency of induction. 
If, however , the flowing medium is a conductor , induced conduc- 
tion cur ren ts  provide the signal power. 
under the influence of an  e lec t r ic  field and produce a polarization in 
the body. 
both moving and stationary coordinate systems.  
F r e e  charges  a r e  motivated 
This polarization is an  electrostat ic  field and ex is t s  in 
Since the field i s  
2 
FIG. 1 SCHEMATIC REPRESENTATION O F  MAGNETIC 
F L O W  TRANSDUCER 
3 
electrostatic,  it will give r i s e  to a potential difference between a pa i r  
of electrodes,  which in turn is electrostat ic ,  and may  be measured  by 
conventional means in a stationary frame of reference.  
EQUIVALENT CIRCUIT 
T o  explicate the operation and the l imitations of the magnetic flow 
transducer ,  equivalent c i rcui ts  a r e  shown in F igure  2 and a r e  quantita- 
tively resolved below. 
An analysis of the circui t  in F igure  2b yields a general  expression 
f o r  the measured voltage, i. e . ,  the potential r i s e  a c r o s s  the input 
res is tance of the measuring instrument,  R L  , as 
vBi 
E =  
Rm 0 R m  
where: R, 4 flowing medium core  res i s tance  
Rs A shunting resis tance of flowing medium core  due to  
RB = 2 Rbp 6 probe boundary l aye r  res i s tance  
RL A = input res is tance of measuring instrument  
end lo s ses  
The  ratio R d R s  is a function only of the geometry associated 
with the physical construction of the magnetic meter ing device. 
s ider ing a constant value of RL, the ratio RB/RL is a function of the 
hydrodynamic boundary layer  thickness and possible other boundary 
l aye r  parameters  along with probe insertion depth. Also,  i f  RL is a 
fixed value, the ratio R m / R ~  is a function of the flowing medium 
c onduc tivi t y . 
Con- 
4 
By making the probes with a curvil inear sur face  a r e a  blending into 
the piping wall, the insertion depth is zero ,  and using a measuring 
instrument  with a ve ry  l a rge  input res is tance,  RB << RL and Rm << RL 
(which i t  would certainly be under normal  conditions), Equation (2)  
reduces to: 
vBi 
Rm 1 t  -
RS 
Eo = (3)  
C Piping Wall 
Induced Voltage (b) Circui t  Representat ion 
( a )  Physical  Representation 
V B ~  4 Elec t ros ta t ic  potential resulting f r o m  induced conduction cu r ren t s  - by magnetic field 
R L  Externa l  o r  load res i s tance  
R, & Resis tance of flowing media 
Rs & Shunting res i s tance  due to end l o s s e s  
Rbp = Boundary l aye r  res i s tance  on probe 
Rb, 
R, 
Boundary l aye r  res is tance on wall 
Resis tance of the piping wall 
FIG. 2 REPRESENTATION OF ELECTROMAGNETIC F L O W  TRANSDUCER 
5 
Since Rm and Rs a r e  of the s a m e  o r d e r  of magnitude, Eo will 
have a value between V g i / 2  and V g i .  
m o r e  closely, the magnetic flowmeter must  be experimentally 
calibrated. 
To determine the factor  R,/Rs 
Note that the t e r m s  R, and Rbw have not been considered in the 
analysis of the magnetic flowmeter equivalent c i rcui t .  
expression f o r  the electrostat ic  output potential developed a c r o s s  RL 
does not reflect their  presence.  However, they a r e  in paral le l  with 
RL and it is imperative that the magnitude of the combination of R, 
and Rbw be sufficiently l a rge  s o  as to minimize short-circuit ing of 
the induced voltage in the section exposed to the magnetic field. 
Thus,  the 
The equivalent c i rcui ts  in F igure  2 hold t rue  in their  entirety only 
when a non-alternating magnetic flux i s  utilized. 
cur ren t  i s  used in an electromagnet to excite the magnetic induction, 
the s t r ay  capacitance that appears  a t  the probes and at the input to the 
measuring instrument  m u s t  be considered. 
If an alternating 
VELOCITY PROFILE 
A potential, e ,  that is direct ly  proportional to the average fluid 
flow velocity may be detected a t  the ends of a diameter  that is per -  
pendicular to both the flow velocity vector and the magnetic field vector 
provided the following conditions can be stipulated: 
1. 
2.  
3 .  
4. 
The fluid is flowing a t  a uniform velocity through a long, uni- 
The magnetic flux i s  normal  to the flow velocity vector.  
The magnetic flux i s  uniform over the c r o s s  section of the 
The magnetic flux is uniform over  a length of pipe equidistant 
f o r m  and non-conducting pipe. 
pipe. 
to severa l  diameters .  
Moveover, the potential var ies  as the average  velocity var ies .  
fore ,  a measurement  of this existing potential postulates a measu re -  
ment  of the fluid flow velocity. 
There-  
I 
In a practical environment, the magnetic f ie ld  is of l imited extent 
and no potential will be  induced outside the field.  However, the fluid 
is conductive wherever  i t  exists and end lo s ses  will tend to decrease  
a 
the voltage induced by the presence of the magnetic field. 
shorting effects a r e  alleviated by extending a non-magnetic flow tube 
approximately three  diameters  in each direction. -This  manipulation 
enables the magnetic field to be made sufficiently long that the short-  
ing effects will be slight at the center of the l ines  of flux. 
cu r ren t  loops and end-shorting a r e  i l lustrated in  F igu re  3.  
These  end- 
Circulating 
Not only mus t  the piping be non-magnetic, but in most  applications 
it mus t  be  non-conductive so  that the piping walls do not provide a 
shor t -  c i rcui t  between the detecting electrodes.  The degree of non- 
conductivity is dependent upon the conductivity of the flowing media. 
As the conductivity of the flowing medium decreases ,  the non-conduc- 
tivity of the piping walls mus t  increase.  
cu r ren t  flow f rom the fluid into the tube walls o r  measuring circui t ry .  
If these rest r ic t ions a r e  relaxed, circulating cur ren ts  occur  within 
the fluid and introduce ohmic losses .  
walls can reduce the output potential to  zero  unless  the fluid conduc- 
tivity is grea te r  than the wall conductivity. In prac t ice  it is not 
feasible  to construct an ent i re  piping installation of non-conductive 
mater ia l ,  therefore ,  a compromise is instituted where  only the 
necessa ry  three  diameters  in each direction a r e  composed of non-con- 
ductive piping. 
T h e r e  must  b e  no amperian 
The presence  of conducting 
Although it was stipulated that the velocity profile be uniform, in  
actual pract ice  flows a r e  never  of this p rec i se  form.  
turbulent, however, the resul ts  expressed previously a r e  still valid, 
s o  long as the flow is symmetr ic  about the axis. 
the symmetr ica l  potential distribution result ing f r o m  axial fluid flow 
symmetry .  
If the flow is 
Figure  4 por t rays  
Should the flow not be symmetr ic  about the pipe axis, the integral  
of the local velocity times a weighting function must  be  considered. 
This  will yield an indication of the ability of the flow at various points 
to  contribute to the induced potential. 
SIGNIFI CANCE O F  CALIB RATION 
The need f o r  calibrating the EMFM is bes t  explained by consider- 
ing the previously mentioned geometric fac tor ,  Rm/Rs.  Theoretically,  
the induced voltage, e, and the resulting output potential, Eo, could be  
calculated f o r  a n  ideal magnetic flowmeter from the relationship 
e = EQV (4) 
7 
E quip0 t ent i a1 
Lines 
Flow 
4 
, 
FIG. 3 SCHEMATIC ILLUSTRATION OF CIRCULATING CURRENT LOOPS 
AND END-SHORTING 
8 
Magnetic Field 
f ‘ 1  
(a) Transverse  Plane 
(b) Axial Plane 
FIG. 4 SYMMETRICAL POTENTIAL DISTRIBUTION 
9 
where: 1 &length  of the conductor in m e t e r s  
V 4 average velocity of the conductor in  m e t e r s  p e r  second 
In the magnetic flowmeter, 1' is the distance between the electrodes 
or ,  in the case  of flush mounted curvil inear electrodes,  the inside 
diameter of the piping wall. 
In practical  applications, however, equation (4) mus t  be  modified 
and a better approximation i s  
where a is a geometric constant for  a given flowmeter that  takes into 
accoun tend losses .  
In te rms  of feasibility, equation (5) will not predict  the output of 
every magnetic flowmeter with a single value of alpha. 
constant, c y ,  is geometrically dependent/ and an alteration in flowmeter 
design will change the slope of the experimental  calibration curve,  
each magnetic flowmeter will need an individual experimental cal ibra-  
tion. However, the calibration is  l inear  and is valid f o r  other flowing 
media of different e lectr ical  conductivities and densit ies without 
application of any peculiar correction fac tors .  
Since the 
FLOWMETER SELECTION 
A system was designed to study flow oscillations and dynamic 
t r ans fe r  character is t ics  of a turbopump. The physical s t ruc ture  of 
the system established some stringent and demanding requirements  
of the flow measuring device. To  match the outlet of the pump, the 
inside diameter of the flowmeter tube had to  be 3 . 8  cent imeters .  The 
flowmeter, located between the pump outlet and a flow pulsing device, 
could not o f fe r  any obstruction o r  disturbance to the flow. 
of flow variations up to 500 her tz  was required.  
relaxed to 100 her tz .  
transducer b e  simply constructed and compatible with s tandard ins t ru-  
mentation electronics.  
Detection 
This was later 
Another important requirement  was that the 
10 
. 
In consideration of the above demands, a magnetic flowmeter with 
a non-alternating induction flux was selected,  because i t s  frequency 
response ranges f r o m  ze ro  to approximately ten kilohertz.  An a l t e r -  
nating induction flux has  its upper frequency response bounded by the 
frequency of the flux employed. The frequency of the alternating flux 
must be  much grea te r  than the highest flow fluctuation to  be detected. 
Piping Material 
Plexiglass ,  a member  of the acrylic polymer family with a con-t 
ductivity of l e s s  than 0.1 picomhos pe r  me te r ,  was selected f o r  the 
flow-tube portion of the flowmeter.  
of approximately 20 mill imhos p e r  me te r ,  the rat io  of the conductivities 
indicate that Plexiglass  will exhibit negligible shorting between the 
detection electrodes.  
was utilized to construct a connection framework f o r  installing the 
flowmeter in the pumping system. 
Since tap water  has  a conductivity 
Stainless steel, being essentially non-magnetic, 
Detection Electrodes 
The conductivity of the flowing medium becomes a limitation of 
the non-switching f l u x  type EMFM. 
sufficiently la rge  so that the internal res i s tance  of the induced volt- 
age  source  is small compared with the input impedance of the external 
detection instrument.  
voltage source will occur .  The internal res i s tance  of the induced 
voltage source  is the res i s tance  between the detection electrodes.  
F r o m  theory, the internal res is tance is approximated by 
Fluid conductivity mus t  be 
Otherwise, excessive loading of the induced 
1 Ri  =: - 
d e  
where: cr 6 fluid conductivity in mhos p e r  m e t e r  
de  4 detecting electrode diameter in m e t e r s  
F r o m  expression ( 6 ) ,  i t  is evident that  to dec rease  the internal 
res i s tance  the electrode diameter must  be made large.  As is  true 
in mos t  physical applications, a compromise must  be conceded. If 
the e lectrodes a r e  made too large in  d iameter ,  they become impract i -  
cal ;  i f  their  diameter  i s  made too small ,  the induced signal will be 
attenuated. 
mil l imeter  is  the minimum electrode diameter that will not exces- 
sively attenuate the induced signal. 
signal attenuation andmaintain feasible s ize ,  a diameter  of 9. 5 milli- 
m e t e r s  was chosen. 
Based upon calculations by Balling and Conner [ 11, one 
To avoid the possibility of 
This yields an  internal res i s tance  for the induced 
11 
voltage source of about 5200 ohms. 
cured and machined, and the finished product gold plated to  prevent 
rust and corrosion. 
Mild s teel  sc rew stock was pro-  
Magnetic Flux Generator  
An electromagnet was chosen to  generate  the magnetic flux, 
p r imar i ly  because i t s  field strength could be  readily adjusted by 
increasing o r  decreasing the number of turns  of wi re  wound on the 
co re  and the amount of excitation cur ren t  supplied by the power supply. 
Moverover, a permanent magnet with a 4.7-centimeters air gap was 
not readily available. 
A suitable co re  was contrived f r o m  the double "E" co re  of a power 
t ransformer ,  and pole faces  were  acquired f r o m  a d i rec t  cur ren t  
motor .  The resulting lfCl1 core  is i l lustrated in F igure  5. 
Realizing that the excitation cur ren t  would by necessi ty  have to 
be  la rge ,  14 AWG gauge magnet w i re  was selected to f o r m  the 
electromagnet . 
Figure 6 i s  an a r t i s t ' s  conception of the finished product minus 
the tube mounting connections. 
. 
FUNCTIONAL TESTING 
The completed electromagnetic flowmeter was installed in the 
experimental facility for calibration. 
calibration, a turbine-type flowmeter was selected as the most  readily 
available means of comparison. 
To  acqui re  a steady-state 
Difficulties were  encountered f r o m  the outset .  It was quickly 
recognized that an output existed when the piping was filled with water ,  
even without flow o r  magnetic flux present .  To fur ther  complicate the 
situation, the output exhibited a low frequency random drift .  Using an  
oscilloscope with a high gain differential plug-in unit possessing a n  
input impedance of one megohm, measurements  were  obtained to 
determine the nature  of this phenomenon. 
potentials that existed during one s e t  of measurements .  The potentials 
shown are  not necessar i ly  the l a rges t  nor  the l ea s t  found to be present .  
Also , a dramatic  change ("flushing" effect) in the magnitudes occurred  
F i g u r e  7 i l lus t ra tes  the 
12 
. 
1 2  
t-10*8 cm7 
(a) T r a n s f o r m e r  Double 
"E" Core  
(c) Motor Pole  Face 
w5 cm-@i 
2 . 2  c m  
FIG. 5 CONTRIVED "C" CORE USED IN FORMING ELECTROMAGNET 
13 
FIG. 6 A PICTORIAL REPRESENTATION O F  THE COMPLETED 
ELECTROMAGNETIC FLOW METER EXCLUDING THE 
TUBING CONNECTION HOLDING FRAME 
14 
i 360 mv -  - 1 3 8 0  m v  1 
(a) Non-flowing Fluid 
(b) Flowing Fluid 
FIG. 7 TYPICAL POTENTIALS EXISTING BETWEEN ELECTRODES 
AND BETWEEN ELECTRODES AND GROUND 
15 
if fluid flow was introduced. As the investigation progressed,  measu re -  
ments revealed that the polarties shown in F igure  7 did not pers i s t .  
Over a period of several  days,  the electrodes changed polarit ies with 
respec t  to each other.  During that t ime another phenomenon occurred;  
long-term immers ion  of the electrodes reduced the potentials in Figure 
7 ,  and the frequency of variation decreased.  
variation decreased and the dras t ic  change that had taken place previ-  
ously between flowing and non-flowing conditions was not now so 
extreme in effect. 
The magnitude of the 
Since the potential difference that existed between the apparently 
identical electrodes was of the s a m e  o rde r  of magnitude a s  the induced 
signal, efforts were  directed toward elimination o r  allev'iation of the 
effects of i ts  presence.  The identicalness of the electrodes not being 
cer ta in ,  cathodic evolution of hydrogen and anodic evolution of oxygen 
seemed to be the most  logical explanation for  the electrode reactions.  
Evidently, to deter  the presence of any electrochemical potentials, the 
purity of the mater ia l  f rom which electrodes originate is of the utmost 
imp0 r tan ce . 
New electrodes were  machined-from a 300 s e r i e s  s ta inless  s tee l .  
When using the stainless s teel  electrodes,  the potentials in F igure  7 
were  on the o rde r  of one-tenth the magnitude shown. Moreover,  the 
magnitude and frequency of drift  was much l e s s  than before.  Another 
marked improvement was the sma l l e r  "flushing" effect when fluid flow 
was introduced. However, the s ta inless  s tee l  electrodes did not p e r -  
fo rm satisfactorily when the magnetic flux was switched on and off. A 
polarization was induced in one direction when the flux was switched 
on and in the r eve r se  direction when the flux was switched off. The 
polarization induced by the magnetic flux being switched off was 
inherently slow returning to i t s  original value. The s a m e  sluggishness 
a l so  prevailed in  the r eve r se  situation. 
between the polarization drift  towards i t s  original level and the random 
dr i f t  o r  a slight variation in flow. The s ta inless  s teel  electrodes were  
the r ef o r e  di s ca  r d ed . 
It was difficult to distinguish 
Other investigations suggested that platinum electrodes yield bet ter  
The only 
Electrodes were  
resul ts  than electrodes constructed f r o m  other mater ia l s .  
platinum available was 0 . 8  mil l imeter  diameter  wi re .  
made of i t ,  but the induced signal was attenuated because the diameter  of 
the wire  was too smal l .  Moreover,  the platinum possessed  charac te r -  
is t ics  s imilar  to the stainless s teel  e lectrodes,  but not a s  detrimental .  
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, Because of the above, attention returned to the original electrodes.  
By allowing the fluid flow tobe  present for  ten to fifteen minutes,  the 
existing potential became fa i r ly  steady. The amount of t ime required 
to attain this condition depended upon the length of t ime that the fluid 
flow had been off. However, a f te r  the semi-  steady potential condition 
had been realized, shor t  interruptions in flow had l i t t le  effect on the 
electrochemical potential. 
The windings of the electromagnetic flowmeter dissipated heat to 
the extent that i t  could not be  left energized f o r  extended periods of 
t ime. The t ime could be  increased by using forced air cooling, 
decreased  excitation cur ren t ,  o r  both. The heat  dissipated by the 
electromagnet made the magnetoelectric flowmeter s e e m  m o r e  
advantageous. However, s ince the magnetic flux of the permanent  
magnet could not be  interrupted, output change due to fluid flow and 
the "flushing" effect were  inseparable.  Hence, the magnetoelectric 
flowmeter was reprobated fo r  the application a t  hand, but this should 
not be construed to mean that i t  i s  not feasible.  For  an  application 
in which measurement  of dynamic fluctuations of fluid flow will suffice, 
capacitive coupling may be  employed to allow mensurat ions f r o m  
approximately one her tz  to ten kilohertz. 
A turbine-type flowmeter was installed in the sys tem to cal ibrate  
the E M F M .  
megohm was used to detect  the induced potential of the EMFM. 
relationship established between fluid flow and EMFM millivolt output 
i s  presented in F igure  8. The calibrated EMFM was incorporated 
into a measuring sys tem.  A differential d i rec t  cur ren t  amplifier with 
a one megohm input res is tance,  containing a 100 he r t z  cut-off f i l t e r ,  
was selected as the active signal conditioner. Since the objectionable 
potentials present  were  of the same o rde r  of magnitude as the des i r a -  
ble signal, the undesirable signal had to be  minimized p r i o r  to amplifi- 
cation. The circui t  in F igure  9 shows by what means this was accom- 
plished. Bucking voltage was supplied by a nickel-cadmium bat tery,  
which provides a ve ry  stable voltage. A reversing switch is provided 
f o r  coping with sometimes transposing electrodes.  
the potentiometer was used to null the input to the amplif ier .  
A differential voltmeter with an input res i s tance  of one 
The 
P r i o r  to each tes t ,  
After the initial calibration, tes t  requirements  were  increased 
f r o m  a nominal 110 gal /min to 200 gal /min.  
bration yielded the relationship in F igure  10.  Examination of the 
higher flowrates revealed that the inherent l inear i ty  seemed to be 
awry; however, fur ther  investigation revealed that the gold-plating on 
Thus,a subsequent C a l i -  
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the electrodes had not remained intact and had s t a r t ed  to pit.  
11 i l lustrates  a calibration of the same electrodes with even m o r e  
seve re  pitting. 
extremely noisy signal, attesting to the fact  that the electrodes must  
b e  highly polished on all the sur face  a r e a  exposed to dynamic flow 
conditions for  optimum resu l t s .  
F igure  
Pit t ing in the electrodes produced a ve ry  unstable and 
It was evident that new electrodes had to be acquired with a longer 
life expectancy while maintaining the desirable  charac te r i s  t ics of mild 
s teel .  
long delay in obtaining mater ia l .  
Moreover,  t ime was of the essence and would not pe rmi t  a 
Satisfactory resul ts  were  obtained f r o m  electrodes contrived f r o m  
gold-plated s i lver  re lay contacts. 
polished surface,  but did not possess  a curvil inear flush mounting 
configuration in the flowmeter wall. Hence, some disturbance to fluid 
flow would be induced by the 1 .5  mil l imeters  protrusion of the elec- 
t rodes.  The influence of the protrusion on the final resu l t s  was de te r -  
mined to be negligible. This conclusion was validated by comparing 
data obtained with the curvil inear electrodes and the new protruding 
electrodes.  
not discernible,  because enormous amounts of disturbance were  already 
present  f r o m  other sources  in the system. The performance of the new 
electrodes was ve ry  good during the on and off switching of the magnetic 
flux. 
of the mild s teel  gold-plated electrodes.  
The new electrodes had a smooth 
Disturbance introduced by the protruding electrodes was 
The polarization potentials were essentially unchanged f rom that 
A calibration curve for  the la tes t  configuration of detection elec- 
t rodes i s  displayed in F igure  12. The curve indicates that a l a r g e r  
potential i s  developed at the new detection electrodes than was p r e -  
viously available a t  the mild steel  e lectrodes.  Such is not the case,  
however, and the difference is accounted for  by considering the input 
impedance of the detecting instruments.  The data in F igure  12 were  
obtained using an instrument  with an input impedance of ten megohms. 
The non-linearity a t  the low end of the calibrations connotes a depar-  
t u re  f rom theory. Exact slopes and terminations were  not obtainable 
due to the inability of the turbine m e t e r  to per form a t  the low flowrates.  
Behavior of various detection electrodes under the influence of 
magnetic flux being switched on i s  depicted in F igure  13. 
t ra ted  behavior is a l so  typical of the action that occurs  when the mag- 
netic f l u x  is switched off. Experimental data collected were  sat isfac-  
to ry  in both consistency and repeatability. 
equipment used to per form the experimental portion of this  development 
project.  
electrodes.  
The i l lus- 
F igures  14 and 15 show the 
Figure 16 shows the curvilinear f lush mounting detection 
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CONCLUSIONS 
Conclusions to be formed f rom the experiments a r e  numerous.  
One can certainly visualize the vast  applications fo r  a flow transducing 
device offering an obstructionless path to flow and extremely high 
frequency response.  Moreover,  flow rat ios  of 200 to 1 a r e  within the 
realm of possibility. However, the perplexing peculiari t ies inherent 
in the simplest  fo rm of the magnetic flowmeter cannot be  ignored. 
Even though i t  has  proven to be a ve ry  useful t ransducer  fo r  short-  
t e r m  mean-valued flow fluctuations, the des i r e  to provide accura te  long- 
t e r m  flow ra tes  mus t  be  acknowledged.. The slowly varying polariza- 
tion potential p resent  a t  the detection electrodes discourages frequent 
application of the non-alternating flux var ie ty  of magnetic flowmeter 
to the measurement  of flows in low-conductivity fluids. However, the 
variation and magnitude of the slowly varying polarization potential 
can be greatly minimized by selecting detection electrodes with low 
impurity content, by long t e r m  soaking in the fluid medium, and by 
the biasing technique introduced by E .  G. Laue [ 2 ] . 
must  be  highly polished on all surfaces  exposed to the fluid medium 
to acquire  the optimum in a noise f r e e  signal.  
The electrodes 
An al ternate  method of utilizing the non-alternating flux electro-  
magnetic flowmeter involves a "zero-check" technique. The frequency 
of zero-check i s  one of a r b i t r a r y  selection. Once every thirty seconds 
will provide sufficient lengths of continuous data f o r  mos t  applications. 
The zero-check is made possible by the capability to interrupt  the 
excitation current  of the electromagnet. 
zero,  a new reference is obtained f o r  each subsequent t e s t  excerpt.  
By employing this technique, m o r e  accura te  and meaningful data can 
be  obtained over longer periods of t ime than previously proclaimed. 
By periodically sampling the 
The outstanding charac te r i s t ic  of the magnetic flowmeter is that, 
s ince i t  is  basically a velocity m e t e r  and behavior is virtually indepen- 
dent of fluid conductivities, i t  can be calibrated with one fluid medium 
and employed with other media without recalibration o r  compensation 
techniques, provided the aforementioned loading and shunting effects  
a r e  not limiting factors .  
. APPENDIX 
The  maximum number of turns  of 14 AWG gauge wi re  that could 
be wound onto the "C" core  was 489 turns .  Since most  of the magneto- 
motance of the exciting coil is required to fo rce  the l ines  of flux a c r o s s  
the air gap, reluctance drop in  the metal portion of the core  can be 
ignored in calculating the magnetic flux density. 
T o  justify this assumption, refer  to  F igure  17.  The closed path 
of the magnetic flux is the length, 1 ,  of the meta l  and gap width, g. 
The reluctance of the metal co re  i s  then 
ampere-  turns  p e r  weber  (7) R e =  1 A p m  pv 
where: pv 6 space permeabili ty of a vacuum 
pm & re lat ive permeability of material 
A cross-sect ional  a r e a  in m e t e r s  squared 
Similary,  the reluctance of the gap is 
ampere-  turns  p e r  weber R =  g 
g p a  P V A  
Reluctances in a magnetic circuit  a r e  combined in the same  manner  
as resis tances  in an  e lec t r ic  circuit .  Therefore ,  the total reluctance 
of the magnetic c i rcui t  in Figure 17 is determined by summing 
equations ( 7 )  and (8). 
(9) 
-t ampere- turns  p e r  weber 1 8 2 =  
p m  p v  A p a  ~v A 
In most  engineering computations, the permeabili ty of air is 
a rb i t r a r i l y  taken as unity, and the permeabili ty of soft i ron is about 
5000. Therefore ,  equation (9) reduces to the expression 
= 1 ampere-turns  p e r  weber 
FV A 
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FIG. 17 RELUCTANCE PATH IN "C" CORE ELECTROMAGNET 
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c 
The above expression permi ts  the reluctance drop in the magnetic 
portion of the circuit  to be neglected. 
The  maximum allowable exciting cur ren t  f o r  the electromagnet 
This would yield a magneto- was determined to be twenty amperes .  
motance of 9,780 ampere-  turns.  
Ji = nI ampere- turns  (10) 
The  magnetomotance is related to the magnetic potential gradient 
through Weber’s Law expressed a s  
H d l = n I  J 
where  the integral  is taken over  the path1 t g in  F igure  17. 
applications, i t  is sufficient to calculate an average magnetic field 
intensity. 
approximated by the following expression: 
In many 
By relaxing the mathem?tics, an  average gradient can be 
In F igure  5,  g i s  shown to be  4 .7  cent imeters .  
of a vacuum has  been determined to be  a constant equal to 4 ~ r  x lo-’. 
The resulting magnetic field intensity is 208 ki loampere- turns  pe r  
m e t e r .  And equation (12) predicted a magnetic field intensity of 261 
mill iwebers pe r  m e t e r  squared. 
The space permeabili ty 
T o  resolve an expected output f rom the electromagnetic flowmeter,  
a flow velocity had to be determined. 
gallons pe r  minute, therefore an average velocity a t  this flow ra te  was 
determined f rom equations (13) and (14). 
pendicular to fluid flow, the inside diameter  of the tube in F igure  6 is 
is 3 . 8  cent imeters .  
The mean flow was to be 110 
To calculate the area per- 
31 
Q = VA 
4 
where: Q Bvolume per  unit t ime 
V Aaverage  velocity 
A 4 - total a r e a  normal  to flow 
dt 4 inside diameter  of tube 
The  average velocity was  approximately 61 0 cent imeters  p e r  
second, and using equation (5 ) ,  the output of the electromagnetic flow 
transducing device was  calculated to be ~ 6 0 .  5 milivolts.  
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